Extreme weather events such as droughts are expected to increase in severity and frequency as the climate changes; it is imperative that land managers be able to monitor associated changes in vegetation health efficiently and across large scales in order to mitigate or prepare for these events. This need motivated deeper study of the die-off of bishop pine (Pinus muricata) on California's Santa Cruz Island during the 2012-2016 drought. These pines play a keystone role within the island's ecosystem and have experienced two severe droughts and associated mass die-offs in the past 40 years. In an effort to compare these events, we used meteorological data to track changes in drought severity from 1985 to 2018 coupled with novel methods for forest monitoring to reveal dynamics not detectable by shorter-duration studies. Leveraging 34 years of 30 m resolution Landsat imagery, we compared vegetation mortality between the two most severe droughts of that time period: 1987-1991 and 2012-2016. We used the slope of decline in the annual median value of three different Vegetation Indices (VIs; NBR, NDMI and NDVI) to compare mortality between the two drought events and to reveal spatial patterns of mortality within the bishop pine forests. Our results indicated that the 2012-2016 drought was the island's harshest in over a century and that it resulted in greater and more widespread mortality of vegetation within bishop pine stands than the 1987-1991 drought. The average VI decline was significantly greater during the 2012-2016 drought than the 1987-1991 drought by a factor of 1.89, 2.09 and 1.84 for NBR, NDMI and NDVI, respectively. Our results aligned with projections of increasing drought severity and associated tree mortality across the region. The temporal monitoring methods developed here can be adapted to study similar landscape scale changes over multiple decades in other forest ecosystems facing similar threats.
Introduction
Forest die-offs have been documented globally during and shortly after periods of severe drought, as the physical stresses and insect outbreaks associated with drought events can result in the deaths of large numbers of trees (Allen et al. 2010; Choat et al. 2012) . Droughts and associated diebacks of trees are expected to increase in frequency and intensity in western North America as the region's climate changes, and current drought impacts may provide valuable insights into the potential survival and structure of forests in the future (Seager et al. 2007; Allen et al. 2010; Woodhouse et al. 2010; Carnicer et al. 2011) . From 2012 to 2015, California was affected by one of the most severe droughts recorded since reliable record-keeping began in the mid-1800s (Robeson 2015) . Although the northern part of the state was relieved by heavy rainfall in the winter and early spring of 2016, the drought extended through 2016 in Southern California and did not break there until the winter of 2017. By 2016, the US Forest Service reported that 102 million trees had died across the state, with the greatest losses This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes. 1 located in the central and southern Sierra Nevada (Allen et al. 2010; Stevens 2016) .
Concern about the die-off of native pine stands on California's Santa Cruz Island deepened as this drought wore on (Kim 2015; Carlson 2016) . As early as the summer of 2014, island managers and visiting researchers reported that bishop pines (Pinus muricata) were dead and dying in large numbers (Knapp et al. 2015; Taylor 2016) . Bishop pine is the only native conifer on the island and is crucial to the survival of some of the island's other native species, including the only island-endemic bird species in the continental United States and Canada, the Island Scrub-Jay (Aphelocoma insularis) (Morrison et al. 2011; Langin et al. 2015; Pesendorfer et al. 2017) .
Santa Cruz Island is the largest and most biodiverse of the eight California Channel Islands (Schoenherr et al. 2003) . It has a mediterranean climate with dry summers and rainless periods often lasting six months or more. During these rainless periods, coastal low clouds and fog (CLCF) often cover parts of the island. The pine's needles capture droplets from the CLCF which condense and drip to the soil beneath; as summer precipitation is highly limited on the island, the cloud-and fog-harvesting pines play a critical role by capturing moisture and delivering it to the soil (Brumbaugh 1980; Walter and Taha 1999; Carbone et al. 2013) . The bishop pine itself is partially dependent on the moisture it harvests from CLCFand the reduction in evapotranspiration that occurs beneath CLCFto survive the dry season and other periods of drought stress (Williams et al. 2008; Fischer et al. 2009 Fischer et al. , 2016 .
Santa Cruz Island's bishop pine forests were known to have experienced an extensive die-off associated with an earlier drought from 1987 to 1991 (Wehtje 1994; Walter and Taha 1999) . This die-back had been noteworthy because the island's vegetation, including the bishop pine stands, had been recovering rapidly from overgrazing by feral sheep for several years prior to the onset of the 1987-1991 drought following the removal of sheep from most of the island by the mid-1980s (Wehtje 1994; Junak 1995) . In addition, two other severe droughts accompanied by bishop pine mass mortality events have been reported on Santa Cruz Island, one in the late 1940s and another in the mid-1970s (Fischer et al. 2009 ). Baguskas et al. (2014) studied bishop pine mortality within one stand on Santa Cruz Island during a relatively short drought from 2007 to 2009 (Baguskas et al. 2014) . That study showed that the highest densities of dead bishop pine trees occurred in the drier and more inland margins of the stands and that greatest survivorship occurred among larger trees (8 to 10 m tall) at moderate elevations which were more commonly enveloped within a layer of CLCF (Baguskas et al. 2014) .
Given the bishop pine's globally limited distribution and vulnerable ranking by the IUCN, its mass mortality on Santa Cruz Island during the recent drought raised concerns and calls for quantitative investigation into its extent and severity (Farjon 2013) . As is true for many drought impact studies, past research on the island's pines had been temporally limited. However, in order to manage these ecosystems within the context of changing drought conditions on the island, researchers and conservation managers needed to compare the recent drought to past droughts with regard to both severity and bishop pine mortality. Fortunately, the continuity of Landsat's multispectral imaging satellites enables powerful comparisons across long time periods that are not possible with spatially and temporally limited field data (Robinson et al. 2017 ). Landsat's imaging satellites have operated continuously for 45 yearslonger than any other remote sensing imagery collection programand therefore offer a unique view of changes on the earth's surface over time (Irons et al. 2012) . Landsat time series analyses represent an exciting expansion of the field of remote sensing in ecology and specifically long-term ecosystem monitoring (Pasquarella et al. 2016) . In particular, free, analysis-ready Landsat data coupled with the advances in image processing and computational capacity available through Google Earth Engine provides scientists with robust tools to monitor ecosystems in real time.
Because the 30 m resolution Landsat imagery is moderately coarse in relation to the bishop pine's canopy, we focused our analysis on bishop pine-dominated communities (BPDCs)as defined by the best available vegetation dataset on the islandto reduce the influence of other species on the analysis (Cohen et al. 2009 ). Using Google Earth Engine to analyze 34 years of the Landsat archive on Santa Cruz Island, our three objectives were to: (1) determine the extent and severity of vegetation mortality within BPDCs during the 2012-2016 drought; (2) compare results with mortality associated with the 1987-1991 drought, and (3) target potential refugia from drought (Morelli et al. 2016; McLaughlin et al. 2017) . Our methods compared patterns of forest mortality over decades and between two major drought events, and represent efficient means for monitoring this keystone species into the future.
Materials and Methods

Study area
Santa Cruz Island (34.0036°N, 119.7264°W) is the largest of the eight California Channel Islands at approximately 250 km 2 ( Fig. 1) (Wehtje 1994) . Located approximately 40 km south of Santa Barbara, 76% of the island is owned and managed by The Nature Conservancy as a nature preserve, and the remaining 24% is owned and managed by the U.S. National Park Service as part of Channel Islands National Park. The island's mediterranean climate is marked by relatively warm, dry summers and cooler, wetter winters. Differences in topography and distance from the ocean on the island create variations in temperature, rainfall and CLCF cover at different sites (Boyle and Laughrin 2000; Fischer and Still 2007; Baguskas et al. 2014) . Weather data gathered near the main ranch on the island reveal that roughly 80% of the precipitation falls between November and March ( Fig. 2) (Junak 1995) . CLCF is most persistent over the four northern Channel Islands from May to September (Rastogi et al. 2016) .
The island is home to scattered individuals and dense stands of bishop pine which together represent a large fraction (almost 10%) of the species' global distribution ( Fig. 1) (Little 1999) . Figure 2 shows three of the bishop pine stands on Santa Cruz Island. The stands vary in size, density, climate and soil type, and were delineated in 2007 as part of an island-wide vegetation mapping effort that consisted of stereoscopic aerial photo interpretation combined with ground surveys and field checks, with a minimum mapping unit of one-half hectare (Cohen et al. 2009 ). Due to cost, bishop pine communities were mapped to the alliance or vegetation community level rather than species level; therefore, we restricted our study to regions on the island classified as bishop pine-dominated alliances, in which bishop pine cover values were at least 40% (Cohen et al. 2009 ). We refer to these regions as bishop pine-dominated communities (BPDCs), which cover 171.8 ha of the island. The restriction of our study area to BPDCs aimed to reduce interference from other vegetation types in the Landsat imagery we used. We further restricted our analysis by using a 15 m interior buffer to ensure that Landsat pixels included in the analysis fell completely within the BPDCs. As a result, our study area totaled 105.8 ha and encompassed the densest patches of bishop pine habitat on the island (Fig. 2) .
Drought comparison
To determine the length and severity of past and current droughts on the island, we calculated the spatial average of the Palmer Drought Severity Index (PDSI) at 4 km spatial resolution and 10 day temporal resolution within the study area. The PDSI is a climatic index developed to estimate the length and severity of long-term drought using a computation involving soil moisture, potential evapotranspiration (PET) and precipitation (Alley 1984) . PET and precipitation were derived from Abatzoglou's gridded meteorological dataset (Abatzoglou 2013; Abatzoglou et al. 2014 ). Abatzoglou calculated PET using the Penman-Montieth equation for a reference grass surface and used the STATSGO soil database to derive the waterholding capacity of the soil at any given point (Huang et al. 2010) . PDSI values generally range between À4 and 4, where negative values indicate increasing severity of drought. As the PDSI is defined, values below À2.0 indicate moderate drought, values below À3.0 indicate severe drought, and values below À4.0 indicate extreme drought (Alley 1984) .
Given the coarse resolution of PDSI data, precipitation records from a weather station located near Santa Cruz Island's main ranch (152 m elevation) were used to supplement these data to confirm the durations of the droughts on a local scale ( (Little 1999) . Bishop pines (shown in blue) are found in scattered stands from Humboldt County, California in the north to a site near San Vicente, Baja California and Isla Cedros, Baja California, in the south. Santa Cruz Island (34.0036°N, 119.7264°W) is located approximately 40 km south of Santa Barbara, California.
Satellite imagery
Our study used Google Earth Engine, a web-based application programming interface (API) that enables rapid analysis of large spatial datasets (Gorelick et al. 2017) . Having defined the spatial extent of our study area using ArcMap 10.6, we ingested the shapefile into Google Earth Engine and conducted all of our drought and imagery analyses using datasets available within the API (Environmental Systems Research Institute 2018).
Moderate resolution (30 m) surface reflectance imagery from Landsat 5 (Enhanced Thematic Mapper), Landsat 7 (Enhanced Thematic Mapper Plus) and Landsat 8 (Operational Land Imager) sensors were used to derive vegetation indices across the study area from 1985 to 2018. The Landsat archive on Santa Cruz Island during the study period totaled 802 images which are captured roughly every 16 days, as sourced from three separate satellite missions (Irons et al. 2012) . CFMask, an automated cloud-masking algorithm incorporated into the Landsat surface reflectance imagery available in Google Earth Engine, was used to filter and remove pixels containing clouds, cloud shadows, and other errant pixels from the selected images (Foga et al. 2017) .
Vegetation indices
Multispectral satellites such as Landsat capture electromagnetic radiation within spectral bands that span visible and infrared wavelengths. These bands can be transformed to reveal attributes about vegetation on the earth's surface, such as its canopy structure, chlorophyll content, and water content (Deshayes et al. 2006; Jones and Vaughan 2010) . Living vegetation absorbs radiation in portions of the visible spectrum and reflects in the near-infrared (NIR), whereas radiation in the shortwaveinfrared (SWIR) is absorbed by water present in the leaves (Jones and Vaughan 2010) . Therefore, NIR and red wavelengths are sensitive to variations in greenness, and SWIR wavelengths are sensitive to water stress during periods of drought (Deshayes et al. 2006 (Wang et al. 2008) . We used all three of these indices to investigate their differing sensitivities to bishop pine mortality (Table 1) . These three VIs were calculated for each pixel of each image (802 images in total) and appended to the images as additional bands. We then calculated the annual median value from the cloud-and shadow-free pixels for each spectral band and VI over the entire 34-year period to create a cloud-and shadow-free annual median composite image across the study area. Thus the stack of 802 images was reduced to 34 images where each pixel contained the annual median value of each VI (as calculated from a varying number of individual cloud-and shadow-free pixels available in a given year at that pixel's location). These annual median composites reduce the effects of temporal variability in the data, as well as any errant pixel values not filtered out by the CFMask algorithm.
Temporal analysis and comparison
We computed the spatial averages of the cloud-free annual median composite pixel values of NBR, NDMI, and NDVI within the study area and compared them to the spatial average of the PDSI across the same time period to explore the relationship between forest health and the drought cycle.
To compare the intensity of mortality within the BPDCs between the two droughts (1987-1991 and 2012-2016) , we used the simple linear regression of the annual median values to calculate the ratio of change between the two drought periods for each VI. One-way ANOVA was used to test if the differences in slopes between the 2012-2016 and 1987-1991 droughts were significant. A ratio of the slope of each VI between the two drought periods compared the severity of BPDC mortality between the two drought periods.
Spatial analysis and comparison
We ran a pixel-by-pixel analysis across the study area to compare spatial patterns and extent of vegetation mortality within BPDCs. We mapped the average annual change in each VI during both the 1987-1991 and 2012-2016 droughts using identical visualization parameters to allow direct comparison between VIs and time periods. We then ran a pixel-level analysis of the regression of the slope and masked out those pixels for which the R 2 of the slope was <0.60.
Next, we calculated the difference in average annual changes in each VI between the 2012-2016 and 1987-1991 droughts by subtracting the former from the latter on a pixel-by-pixel basis. Thus, a difference close to 0.0 indicated little difference in the rate of mortality between the two droughts at that pixel, a positive difference indicated that the rate of mortality was greater in the 2012-2016 drought than in the 1987-1991 drought, and a negative difference indicated the opposite. Identical visualization parameters were again used to allow spatial comparison of variation in mortality across each vegetation index.
Drought refugia
We categorized potential drought refugia as those pixels for which the rate of change in a VI was greater than or equal to 0.0 during both droughts. This was based on an assumption that an area with no average annual change or a positive average annual change likely indicates minimal BPDC mortality. This conservative threshold allowed us to identify sites whose physical characteristics (curvature of the slope, aspect, CLCF frequency, etc.) may allow them to retain enough soil moisture even during prolonged droughts to allow some portion of the adult bishop pines to survive.
Validation of methods
To validate our results, we ran a supervised classification of two high resolution images from the U.S. Department of Agriculture's National Agriculture Imagery Program (NAIP), captured on 5 May 2012 (1.0 m resolution) and 25 June 2016 (0.6 m resolution). These images contained four spectral bands: blue, green, red, and near-infrared wavelengths. Individual pines were clearly visible at this resolution and a false color visualization increased the contrast between living and dead vegetation. In each image, an observer visually classified training points within the BPDCs into three categories: dead vegetation, living vegetation and open ground (n 2012 = 435; n 2016 = 684). For each time period, these points were used to train a Random Forest classifier with 1000 decision trees to classify the NAIP pixels into dead vegetation, living vegetation or open ground (Appendix S1) (Liaw and Wiener 2002) . The training accuracy was 100.0% for the 2012 classification and 99.71% for the 2016 classification. A separate observer then identified 100 validation points with an equal distribution among the three cover classes for each image (n 2012 = 100; n 2016 = 100). The validation accuracy was 89.0% for the 2012 classification and 96.0% for the 2016 classification. The high accuracy of these classified NAIP images allowed us to quantify and compare vegetation mortality between 2012 and 2016 in order to validate the trends we observed from the Landsat time series analysis. To do this, we extracted Landsat pixels that were completely contained within the BPDCs (n = 1859) and calculated the percentage of the three vegetation classes within each pixel, as classified in the NAIP image. In addition, we evaluated the correlation between the NAIP-derived vegetation class (dead vegetation, living vegetation and open ground) and the Landsat-derived annual median VI values. A Random Forest regression (Liaw and Wiener 2002) was used to predict the percentage of living vegetation within each Landsat pixel as a function of the nine Landsat bands and indices.
Results
Drought comparison
During the 34-year study period from 1985 to 2018, the PDSI indicated that the study area experienced two severe droughts (1987-1991 and 2007-2009 ) and one extreme drought (2012-2016) (Fig. 3) . Although the three-year 2007-2009 drought was characterized as severe for 12 months within the study area, heavy rain in early 2008 effectively split this drought into two shorter, roughly year-long droughts. Our methods aim to capture inter-annual variations in vegetation mortality and therefore are not suited to study changes in forest health within a given year. Rather, this study analyzed only the two lengthier 5-year droughts (1987-1991 and 2012-2016) in more depth. Conditions were severe for 21.1% (14 months) of the 1987-1991 drought and extreme for 2.2% of the period (1.3 months). During the 2012-2016 drought, conditions were severe for over twice as long (41.7% of the period; 36.3 months) and extreme for nearly 10 times as long (21.1% of the period; 12.6 months) (Fig. 3) .
Temporal analysis and comparison
During both drought periods (1987-1991 and 2012-2016) , we observed a decline in all three VIs within the study area (Fig. 3) . The trends of the three VIs appeared to follow the drought cycle present on the island. The decline in all three VIs at the onset of the 1987-1991 drought followed a sharp decline in PDSI, and the VIs did not begin to increase from their 1987-1991 lows until approximately 12 to 18 months after an abrupt increase in the PDSI due to the 'Miracle March' rains of March 1991 (Boyle and Laughrin 2000) . The decline in each VI at the onset of the 2012-2016 drought lagged slightly behind an abrupt drop in PDSI. As the PDSI had not yet consistently trended upwards by the end of 2018 (except briefly due to winter storms in late 2016 and early 2017), Santa Cruz Island remained in a state of drought.
In both prolonged drought periods (1987-1991 and 2012-2016) , all VIs declined consistently, indicating increasing mortality within the study area ( Figs. 3 and 4) . For both droughts, the average annual decline in NDMI was the largest, followed by NBR and then NDVI ( Fig. 4 and Table 2 ).
The slope of decline was between 1.84 and 2.09 times greater during the 2012-2016 drought than in the 1987-1991 drought for all three VIs ( Table 2 ). The slopes of NBR and NDMI were significantly more negative during the recent drought than the one previous, as determined using one-way ANOVA (NBR: F = 11.69, P = 0.014; NDMI: F = 12.97, P = 0.011; NDVI: F = 2.41, P = 0.17). Steeper and more negative slopes indicated greater average annual decline during the 2012-2016 drought, which aligns with our hypothesis that the intensity of drought and associated BPDC mortality was greater in 2012-2016 than in 1987-1991.
Spatial analysis and comparison
Our spatial investigation of vegetation mortality revealed widespread declines in all three VIs and across both droughts, although the extent and intensity varied between the two periods ( Fig. 5) . While the 1987-1991 VI declines are concentrated in the northwestern region of the study area, the 2012-2016 VI declines cover most of the study area (Fig. 5) .
The slope of the VI declines during the 2012-2016 drought was greater than that of the 1987-1991 drought for 88.6%, 92.1% and 75.3% of the study area for NBR, NDMI and NDVI, respectively (Fig. 6 ). NBR and NDMI indicate that BPDC mortality during the 2012-2016 drought was much more severe than that of the 1987-1991 drought across almost all of the study area (Fig. 6) . NDVI also indicates that BPDC mortality during the 2012-2016 drought was more severe across most of the study area, but it reveals some regions along the northern edge of the study area that may have experienced sharper declines during the 1987-1991 drought (Fig. 6) .
We categorized portions of the study area where the average annual change in VI values was equal to or >0.0 during either drought as potential drought refugia, however, none of these pixels had a slope with an R 2 value equal to or >0.60 and are therefore not shown in Fig. 5 . The extent of these potential drought refugia ranged between 2.14% and 8.21% of all BPDCs during the 1987-1991 drought and between only 0.71% to 1.43% during the 2012-2016 drought ( Table 3) . As compared to the 1987-1991 drought, the percentage of the study area classified as potential drought refugia decreased by À1.43%, À4.64% and À6.79% for NBR, NDMI and NDVI respectively during the 2012-2016 drought ( Table 3) .
Validation of methods
Our validation showed that the mean percentage of the grid cells classified as dead vegetation in the NAIP imagery increased significantly between 2012 and 2016 (t = À43.76, df = 2999.3, P < 0.001), while the mean percentage of the grid cells classified as living vegetation decreased significantly (t = 38.39, df = 3576.5, P < 0.001) (Appendix S2). The mean per cent cover of open ground within the pixels differed between the two periods but remained minimal (t = À7.71, df = 3575.6, P < 0.001; 95% Confidence Intervals (CI) CI 2012 : 7.52%, 8.41%; CI 2016 : 10.19%, 11.28%). These results support our hypothesis that a decline in living vegetation and increase in dead vegetation contributed to the decline in VIs as derived from Landsat imagery within the BPDCs, and at minimum prove that the declining VI trends between 2012 and 2016 coincide with an increase in dead vegetation within the BPDCs. The overall relationship between percentage of living vegetation quantified from NAIP imagery and vegetation health predicted from Landsat indices had an R 2 value of 0.554% (MSR = 231.50). In predicting living vegetation, NBR, NDMI and NDVI were ranked 2nd, 3rd and 4th in the variable importance plot (Appendix S3).
Discussion
Drought comparison
Our analysis of drought conditions indicated that the 2012-2016 drought was harsher than the 1987-1991 drought, and that BPDC mortality on the island was greater and more widespread during and immediately following the 2012-2016 drought (Fig. 3) . Given that Fischer et al. (2009) found that the 1987-1991 drought was the worst of the 20th Century on the island, our findings indicate that the 2012-2016 drought was the harshest in at least 115 years (Fischer et al. 2009 ). The greater drought severity and mortality of BPDCs during the 2012-2016 drought is in line with projections for increasing severity of both droughts and tree mortality across southwestern North America as the climate continues to warm (Seager et al. 2007; Allen et al. 2010; Woodhouse et al. 2010; Carnicer et al. 2011) . As the 2012-2016 drought event is the harshest in over a century, postdrought recovery of the bishop pine forest merits further study. In addition to this historical comparison, the methods explored here demonstrate a novel approach to monitor drought impacts across large spatial scales and at frequent temporal intervals.
The results of our VI analyses indicate that the die-off of BPDCs was more severe during the 2012-2016 drought than during the 1987-1991 drought (Table 2, Fig. 4) . Consistent decline in all three VIs and significant increases in the magnitude of the decline support our hypothesis that periods of harsher drought will result in greater cumulative mortality of BPDCs and that this effect is quantifiable with Landsat imagery. Further, we restricted our study area to the densest bishop pine stands which may represent the best pine habitat on the island, suggesting that our results are conservative and that bishop pine mortalities may be even greater elsewhere on the island.
Our spatial analyses reveal important differences between and advantages of each of the VIs used. NDMI and NBR utilize different portions of the SWIR range: NDMI uses SWIR1 (sensitive to moisture content in the leaves), while NBR uses SWIR2 (higher sensitivity to dead woody vegetation) (Wilson and Sader 2002; Key and Benson 2005; Assal et al. 2016) . Our results show the steepest decline in the slope of NDMI as compared to the other VIs during the 2012-2016 drought, which could mean that NDMI was most sensitive to this mortality event (Fig. 4) . While NBR is primarily used to identify burned areas, we found NBR to be effective in capturing the impact of drought given its sensitivity to standing dead trees (Key and Benson 2005; Wang et al. 2008) . While NDVI is a good indicator of healthy vegetation, our study joins others in suggesting that a combination of VIs can provide increased insight into the progression of droughtimpacted mortality events within pine-dominated forests (Cohen et al. , 2017 Barrett et al. 2016) .
Drought refugia
We defined potential drought refugia as areas for which the average annual change in VI values was greater than or equal to 0.0 during either drought. We speculated that areas with little to no decline in VI value experienced little or no loss of living vegetation cover. Our conservative threshold revealed that a very small percentage of the study area served as potential drought refugia during the 2012-2016 drought across all three VIs (Table 3) . Furthermore, all of the areas classified as potential drought refugia had R 2 values of <0.60, which indicates that there were no sites which consistently had no change in VI or a positive trend in VI (Fig. 5 ). This is likely due in part to two possibilities, both of which merit further study: (1) this drought-impacted BPDCs to such an extent that even areas that served as refugia during previous droughts experienced mortality or (2) the criteria we used do not accurately capture drought refugia. Our data indicated that the VI declines were weaker along the western reaches of the BPDCs relative to the rest of the study area, but further research will be needed to determine if these locations potentially serve as drought refugia for bishop pine. Methods to define drought refugia using remote sensing analyses such as these represent an important area of future study (Morelli et al. 2016; McLaughlin et al. 2017) .
While our study focused primarily on precipitation as it related to forest mortality, future work might incorporate measures of cloud cover as it has been shown to impact bishop pine survival during shorter periods of drought Fischer et al. 2016) . CLCF contributes both fog drip and shading which serve to reduce water deficits for bishop pines during the summer months on the island (Carbone et al. 2013 ). However, we do not have reliable observations or other measures of CLCF and cannot be sure that the frequency and extent of CLCF decreased in tandem with rainfall during the drought periods . Our observations during the 2012-2016 drought revealed that saplings and seedlings could often be found in apparently healthy condition in the midst of stands where most of the adult trees had died (Taylor 2016) . This may be due to the progressive decrease of soil moisture at depths typically accessed by adult trees, while moisture inputs from CLCF to the soil's surface layers may have been sufficient to support saplings (Carbone et al. 2011; Baguskas et al. 2016) . Baguskas et al. (2016) found that CLCF had far greater positive effects on bishop pine saplings than on adult trees, which they suggested was due to this depth effect. Therefore, CLCF merits further study as a potentially important factor for coastal forest drought refugia.
Post-drought regeneration
Our VI trends indicate that BPDCs recovered steadily starting shortly after the end of the 1987-1991 drought until the start of the 2012-2016 drought, albeit with at least two notable downturns associated with shorter droughts in the early 2000s and from 2007 to 2009 (Fig. 3) . These results align with similar multitemporal analyses of Landsat imagery that showed that the recovery of forest ecosystems was gradual, often requiring more than 10 years Kennedy, Yang, and Cohen 2010; Verbesselt et al. 2010 ). We did not observe a plateau in any of the VI trends, which may indicate that the forest had not fully recovered prior to the onset of the 2012-2016 drought. As we continue monitoring this population of bishop pines, closer study of the forest's recovery will inform how to best interpret the observed spectral trends.
Given that the severity and frequency of droughts are expected to increase in western North America, it is possible that the island's bishop pine stands may never fully regenerate (Diffenbaugh et al. 2015; Byer and Jin 2017) . The loss of bishop pine from the island would not be unprecedented, as there is evidence that other conifers (Pseudotsuga menziesii and Cupressus goveniana) were eliminated from the island following climatic warming and drying at the end of the last glacial period (Chaney and Mason 1930; Fergusson and Libby 1963; Anderson et al. 2008) . As a relict species highly dependent on CLCF, the bishop pine may serve as a harbinger for other fog-sensitive conifers, such as the Santa Rosa Island Torrey pine (Pinus torreyana var. insularis) and the coast redwood on the mainland (Sequoia sempervirens) (Johnstone and Dawson 2010).
Validation
In the absence of robust field data, our validation methods make use of high resolution NAIP imagery for classification of changes in vegetation mortality during the 2012-2016 drought. The supervised classifications were highly accurate for each time period and resulted in an 89-96% accuracy rate when tested on an independent validation dataset. Drastic declines in NAIP-classified living vegetation between 2012 and 2016 validate our assumption that decline in the three Landsat-derived VIs did, in fact, indicate increased mortality within the BPDCs (Appendix S2). However, for a number of reasons this two-image comparison may not be suited for direct comparison with our Landsat time series analysis. Kennedy et al. (2010) warn that change analyses based on two-date change detection methods introduce noise and variation associated with each single time period and may not relate directly to multitemporal analyses . For example, the two images were captured at different times of day, causing variable shadow patterns on the hills, as well as different times of the year, introducing variability from the seasonal phenology of surrounding vegetation. Despite these limitations, we found a fairly strong relationship (R 2 = 0.55) between the percentage of living vegetation (as classified with NAIP imagery) and Landsat-derived VIs. A variable importance plot showed that these three VIs were top predictors in the model (Appendix S3). These results underscore our finding that combinations of VIs used together provide a more robust method for monitoring vegetation than when treated individually. Future work might involve continued validation of these methods within relatively controlled environments for which field data are available, such as the work by Verbesselt et al. (2010) to track the slope of NDVI (as derived from MODIS imagery, 250 m spatial resolution) with forest growth and harvesting in a controlled environment (Verbesselt et al. 2010) .
Our analysis was somewhat limited by the lack of high resolution spatial vegetation data on Santa Cruz Island. While we were able to study vegetation mortality within bishop pine-dominated communities, we were not able to completely isolate our analysis to bishop pines. Future work will benefit from ongoing vegetation mapping efforts on the island. While NAIP imagery provided us with an indirect method to validate our results, our study emphasizes the continued importance of long-term field monitoring plots in validating trends observed from space. 
Advances in time series analysis
Our study builds upon previous work that has linked temporal trends in VIs to forest disturbance and regrowth and seeks to address many of the limitations and warnings offered by these foundational studies Huang et al. 2010; Kennedy et al. 2010; Vogelmann et al. 2012) . Verbesselt et al. (2010) warn that change detection methods employing a limited number of images risk classifying short-term variability as longer-term change; Google Earth Engine enables the rapid analysis of high temporal densities of data, which strengthens the signal to noise ratio and can reveal new insights about ecosystem cycles (Robinson et al. 2018; Cohen et al. 2010; Verbesselt et al. 2010) . In the absence of Google Earth Engine, a hyper-temporal analysis such as ours would have required advanced storage and processing capabilities that would have presented a considerable barrier to this research. In addition, many change detection methods are designed to detect deviations or single dramatic changes, and can be poor indicators of the gradual trends that we would expect from longer periods of drought mortality and subsequent forest recovery Kennedy et al. 2010; Verbesselt et al. 2010) . In a novel approach to this problem, we calculated pixel-based annual median composites values, which reduced the effects of seasonal and imagespecific variability and revealed longer-term trends. Lastly, change detection methods reliant on a threshold are highly sensor-and site-dependent; our methods maintain broad applicability by tracking relative changes in each VI Verbesselt et al. 2010; Fraser et al. 2011; Vogelmann et al. 2012; Forkel et al. 2013) . Ultimately, we found that the processing capacity and speed afforded us by Google Earth Engine addressed key limitations currently present in this field (Palumbo et al. 2017 ). We hope the increased adoption of this free tool will expand the use of a greater number of images and the analysis of multiple VIs in future remote sensing studies.
Conclusions
This 34-year analysis shows that the 2012-2016 drought was more extreme and prolonged than that of the harshest drought of the previous century on Santa Cruz Island (1987) (1988) (1989) (1990) (1991) , and that it resulted in greater and more widespread mortality of vegetation within bishop pine-dominated communities, which are vital to the survival of other rare and endemic species. Our spatial analyses have revealed small areas that may serve as potential drought refugia for bishop pines and associated species, which can be targeted for future study to determine whether and why they might actually serve as refugia from which bishop pine populations can re-expand following future droughts.
Changes in global forest cover have important implications for the study of biodiversity, the atmospheric carbon budget, and climatic changes (Huang et al. 2009; Powers et al. 2017 ). However, field-based long-term ecological monitoring studies of forests are costly and rare, and analyzing the full Landsat archive previously required months or years due to the associated demands on storage and processing power (Kerr and Ostrovsky 2003; Lindenmayer et al. 2012) . Our method analyzes 802 images using multiple VIs in less than a minute and demonstrates the power of Google Earth Engine to generate a decades-long quantitative view of an ecosystem. This landscape-scale analysis can be applied to other conifer species and other extreme climate events to efficiently study and monitor forest health across vast expanses of land, and may ultimately reveal previously undiscovered vegetation dynamics.
ACKNOWLEDGMENTS
This research, the preliminary fieldwork and the costs of publishing were funded by The Nature Conservancy with funds from Martha Blackwell. This research was made possible with open access to Google Earth Engine and support from Peninsula Open Space Trust. We thank Maggi Kelly and two anonymous reviewers for their helpful suggestions on the manuscript.
